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This communicatiopn describes some properties ofRCfr13 I and MCfrl3 I, isolated from Citrohacterfieun- 
dii RFLI 3. RCFfrI3 I restriction enzyme recognizes the S-GIGNCC sequence and cleaves, as indicated 
by the arrow. MCfr13 I methylase modifies the internal cytosine producing mSC (Y-GGNmSCC). RCfr13 
I is sensitive not nly to this type of substrate modification but also to hemimethylation in overlapping 
sites by MCfrlO I (internal cytosine of RCfrl3 I recognition ismethylated) and MHpa II (external cytosine 
is methylated). From these results the sensitivity of RCfrl3 I to methylation by dcm methyla~ of E.coZi 
in overlapping sites is deduced. 
Site-specijic endonuclease DNA methyfation ModiJcation methylase 
1. INTRODUCTION 
Out of 30 strains of Citrobacter freundii 
screened for site-specific endonucleases 16 were 
found to produce these enzymes [l-4]. Both iso- 
schizomers and enzymes recognizing new nucleotide 
sequences were found when studying the substrate 
specificity of some of them. The characterization 
of restriction endonuclease RCfrl3 I, an iso- 
schizomer of RSau96 I [5], and of accompanying 
modification methylase MCfr13 I, is reported. 
2. MATERIALS AND METHODS 
MHpa II and MCfrlO I methylases were 
isolated in our laboratory. Spleen phosphodi- 
esterase (SPDE) was obtained from P-L Biochemi- 
cals. dC and dpC were purchased from Serva, and 
dCpC was synthesized in our laboratory by the 
modified phosphotriester method [6]. DNA sub- 
strates, enzymes and other reagents used were as in 
[7,81. 
C. freundii RFL13 strain, which was used as a 
source for specific endonuclease and methylase 
* To whom correspondence should be addressed 
preparative isolation, was grown at 37°C as 
described in [l]. 
10 g of frozen cells were suspended in 20 ml buf- 
fer A (10 mM potassium phosphate, pH 7.5; 
1 mM EDTA, 7 mM 2-mercaptoethanol), disrupt- 
ed by sonication and centrifuged for 60 min at 
48000 x g. The supernatant was applied on a 
phosphocellulose column (1.5 x 13 cm) and 
chromatographed with a 200 ml linear gradient of 
KC1 (O-O.6 M) in buffer A. The fractions, which 
elute at 0.36-0.44 M KCI, contain both endo- 
nuclease and methylase activities. They were 
pooled and dialysed against buffer A. The enzyme 
solution was chromatographed on a 1.5 x 13 cm 
column of DEAE-cellulose using a 200 ml linear 
O-O.3 M KC1 gradient in buffer A. The fractions 
with RCfr13 I and MCfr13 I activities, eluted at 
0.08-O. 12 M, were then dialysed against buffer A. 
Further purification of enzymes was carried out by 
heparin-Sepharose column (1 x 10 cm) chroma- 
tography. The column was developed with a 100 
ml KC1 linear gradient (O-O.5 M). Endonuclease 
RCfr13 I eluted at 0.24-0.28 M KC1 and 
methylase MCfr13 I at 0.33-0.38 M KCI. The 
active fractions were pooled and concentrated by 
dialysis against buffer A, containing 100 mM KC1 
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and 50% glycerol (v/v), and stored at -2O’C. 
To determine RCfr13 I activity and the in- 
fluence of different factors (i.e., pH, cofactor re- 
quirement, concentration of NaCl) an aliquot of 
enzyme solution was added to 40 ~1 of appropriate 
reaction mixture containing 2 pg phage hDNA. In- 
cubations were performed at 37°C for 1 h. Restric- 
tion fragments were separated by electrophoresis 
as in [7]. 
Methylase MCfr13 I activity was assayed in 
25 mM Tris-HCI buffer (pH 8.0), 25 mM NaCl, 
1 mM EDTA and 5 mM 2-mercaptoethanol as 
described in [4]. 
To determine RCfr 13 I cleavage specificity, 
analysis of restriction fragment end structure was 
carried out as in [7]. 
Methylation of DNA with MCfr13 I, isolation 
of modified DNA, acid hydrolysis to bases and 
chromatographic identification of the radioactive 
base was performed as in [4,8]. For the determina- 
tion of the position of the methylated base in the 
recognition sequence [methyl-3H]DNA was sub- 
jected to depurinization according to Burton [9]. 
The resulting oligopyrimidines were dephospho- 
rylated with alkaline phosphatase. dCpC, the 
radioactively labeled dinucleotide monophos- 
phate, was then isolated by high-voltage elec- 
trophoresis in 0.05 M formate buffer (pH 2.7) on 
Whatman 3 MM. The position of the methylated 
base in dinucleotide dCpC was established after 
hydrolysis with snake venom phosphodiesterase 
(VPDE) and SPDE as in [lo]. Electrophoretic 
separation of resulting products was performed in 
a mixture with standards dC, dCpC and pdC on 
Whatman 3 MM in 0.03 M triethylammonium 
bicarbonate buffer (pH 8.5). 
3. RESULTS AND DISCUSSION 
The wide use of sequence-specific endodeox- 
yribonucleases (type II restriction endonucleases) 
as analytical reagents in DNA research and genetic 
engineering has stimulated their extensive in- 
vestigation. To date, a great number of site- 
specific endonucleases have been isolated [ 111. For 
many practical purposes it is the recognition se- 
quence which is the fundamental property that 
needs to be known about a restriction en- 
donuclease. The characterization of other 
substrate specificity manifestations (i.e., cleavage 
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site, sensitivity to the specific modification of 
substrate, catalytic properties) is also desirable. 
3.1. Optimal conditions for RCfrl3 I activity 
The restriction endonuclease RCfr13 I is strictly 
dependent on Mg2+ , but does not require S- 
adenosylmethionine or ATP for its activity. Bear- 
ing this in mind as well as the dyad symmetry of 
the recognition site, RCfr13 I was classified as a 
type II restriction endonuclease. The activity of the 
enzyme is maximal at 5 mM Mg2+. RCfr13 I is ac- 
tive in a wide pH range,from 7.5 to 9.0. The max- 
imal activity is observed in 10 mM Tris-HCl buf- 
fer, pH 9.0 (pH of buffer solutions was measured 
at 25°C). At pH 9.0 concentrations of NaCl up to 
50 mM stimulate and at greater concentrations in- 
hibit enzyme activity. The addition of serum 
albumin (100 @g/ml) and Triton X-100 (0.02%) to 
the reaction mixture slightly activates (or 
stabilizes) the enzyme. When the enzyme activity 
was measured under the optimal conditions found 
(10 mM Tris-HCl buffer, pH 9.0, 50 mM NaCl, 
5 mM MgC12, 100 pg/ml albumin and 2 pg phage 
h DNA/40yl reaction mixture), the yield of 
purified enzyme equalled 20000 units/g wet 
packed cells. One unit is the amount required to 
digest completely 1 pg phage A DNA in 1 h at 
37°C. The enzyme preparation is essentially free of 
non-specific nucleases. DNA fragments obtained 
with a lo-fold excess of RCfr13 I for 16 h are effi- 
ciently ligated with T4-ligase DNA and then com- 
pletely recut with the restriction enzyme. The 
storage of the purified enzyme in 10 mM potas- 
sium phosphate buffer (pH 7.5), 100 mM KCl, 
1 mM EDTA, 7 mM 2-mercaptoethanol, 200 
pug/ml albumin and 50% glycerol at - 20°C did 
not result in any decrease of the initial activity for 
at least 6 months. 
3.2. Determination of RCfrl3 I substrate 
specificity 
Simultaneous cleavage of phage h DNA with 
RCfr13 I and RSau961 [4] proved RCfr13 I to be 
an isoschizomer of Sau96 I, thus recognizing the 
5 ’ GGNCC nucleotide sequence [4,5]. To locate 
the cleavage site in the above recognition sequence, 
restriction fragments obtained by cleaving pBR322 
DNA with RCfr13 I and subsequently labelled at 
their 5 ’ -ends with [32P]phosphate were subjected 
to hydrolysis with pancreatic DNase and VPDE 
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and then analyzed. After exhaustive digestion ap- 
prox. 98% of radioactivity input was found in the 
pdG spot after 5 ’ -32P-labelled mononucleotide 
electrophoretic separation on Whatman 1 paper. 
The oligonucleotides derived from partial 
hydrolysis were analyzed by two-dimensional 
homochromatography [12]. From the pattern ob- 
tained a 5 ’ -terminal nucleotide sequence 
5 ‘-GNCC could be deduced (fig.1). This 
establishes the RCfr13 I cleavage site and confirms 
the 5 ’ -&NCC recognition sequence in which the 
central position can be occupied by any of the 4 
nucleotides. Both manifestations of RCfr13 I 
specificity are identical to those of endonucleases 
RSau96 I [5] and RAsu I [ 131. 
T 
3.3. Determination of MCfrl3 I specificity 
Substantially less attention as compared to 
restriction endonucleases has been paid to the 
study of accompanying modification methylases 
[ 11,141. Determination of their substrate specifici- 
ty is an important characteristic per se, and a 
prerequisite for the investigation of cognate 
restriction endonuclease specificity in regard to 
substrate modification. It was demonstrated that 
DNA, preincubated with MCfr13 I in the presence 
of SAM, is resistant to subsequent RCfr13 I action 
(fig.2). The absence of cleavage of modified 
substrate should not be treated as an experimental 
artefact, since methylated DNA served as a 
substrate for another enzyme (Sau3A I) (track 6) 
and, furthermore, unmodified DNA was sensitive 
to RCfr13 I cleavage in a mixture of modified and 
unmodified substrate (track 5). These results allow 
us to assume that MCfr13 I methylase recognizes 
either the whole RCfr13 I recognition sequence or 
part of it. The identity of RCfr13 I and MCfr13 I 
recognition sequence was proved in experiments 
showing that pBR322 DNA, predigested with 
RCfr13 I, did not serve as a substrate for 
MCfr13 I (no radioactivity incorporation in the 
presence of [3H]SAM and MCfr13 I was observed 
as compared to that of untreated substrate). Thus, 
we may conclude that MCfr13 I, like RCfr13 I, 
Fig. 1. Autoradiogram and schematic representation f 
the two-dimensional fractionation of oligonucleotides 
obtained after partial pancreatic DNase and snake 
venom phosphodiesterase digestion of pBR322 DNA 1234 56 
5 ‘-terminally labeled fragments produced by RCfr13 I. 
E, electrophoresis on cellulose acetate strip in pyridine 
acetate at pH 3.5; H, homochromatography on a 
DEAE-cellulose thin-layer plate in homomixture VI 
[12]. XC, xylene cyan01 FF. 
Fig.2. Protection of A DNA methylated with MCfr13 I 
from RCfr13 I action. (1) DNA; (2) DNA + RCfrl3 I; 
(3) DNA modified with MCfr13 I; (4) modified DNA + 
RCfr13 I; (5) unmodified DNA + modified DNA + 
RCfr13 I; (6) modified DNA + RSau3A I. 
511 
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recognizes the 5 ’ GGNCC nucleotide sequence. Table 2 
To identify the nature of the modified base, 
chromatographic systems discriminating m4C and 
m5C (to be published) were used for the separation 
of [3H]DNA (methylated with MCfr13 I and 
[3H]SAM) acid hydrolysis products. From the data 
obtained it can be concluded that the base under 
investigation is 5methylcytosine (table 1). The 
position of the modified base was established 
following the analysis of [3H]methylated 
dinucleotide dCpC, isolated from [methyL3H]- 
DNA. This dinucleotide was not the only 3H- 
labeled oligopyrimidine product resulting from the 
depurinization reaction. It was separated from 
other pyrimidine oligonucleotides by electro- 
phoresis on Whatman 3 MM (pH 2.7) and digested 
separately by VPDE and SPDE. Analysis of the 
resulting nucleoside and mononucleotide products 
for 3H radioactivity allows unequivocal assignment 
of a structure for the dinucleotide. The results 
given in table 2 enable us to conclude that the inter- 
nal cytosine of the recognition sequence is the ac- 
ceptor of the methyl group, which is transferred by 
methylase MCfr13 I as follows: 5 ‘-GGNm’CC. 
Localization of 3H-labeled methyl group in d(CpC) by 
phosphodiesterase digestions 
No. Phospho- Distribution of radio- Type of 
diesterase activity, between (070) modifi- 
used cation 
dC d(CpC) pdC 
1. _ 4 96 - _ 
m 
2. VPDE 94 6 - CPC 
3. SPDE 6 8 86 ;Ipc 
From the results it could be inferred that internal 
cytosine modification in the recognition sequence 
renders the substrate non-susceptible to accompa- 
nying RCfr13 I endonuclease action. It was deter- 
mined that sequence specific endonucleases differ 
in their sensitivity to the modification pattern 
within its recognition sequence. There are ex- 
amples of enzymes specifically inhibited by 
modifications anywhere within the recognition se- 
quence as well as those which are insensitive to 
methylation at non-cognate sites [ 141. Some addi- 
tional experiments were undertaken to characterize 
RCfr 13 I from this point of view. There are some 
sites in DNA where the Cfr13 I sequence overlaps 
with that of 5’-Cm’CGG [15], methylated by 
MHpa II and 5’-Pum’CCGGPy, methylated by 
MCfrlO I (unpublished). Both methylases yield 
5-methylcytosine. The sequence of RCfr13 I 
should be methylated in overlapping sites to give 
5-methylcytosine as shown in fig.3. These methyla- 
tions appear to prevent RCfr13 I cleavage (fig.4). 
The results with MCfrlO I prove that 
hemimethylation in the cognate site of the recogni- 
tion sequence is sufficient for substrate protection 
from RCfr13 I action (fig.4A). This is also true 
Table 1 
Chromatographic and electrophoretic identification of [3H]methylated base 
No. Separation method Mobility of bases, Rf 
1. TLC on silica gel: acetonitrile-ethyl acetate- 
triethylamine-ethanol-water (15 : 5 : 5 : 5 : 1) 
2. Descending chromatography : butanol- paper 
water-ammonia (84 : 16 : 0.2) 
3. Paper electrophoresis” 0.08 M ammonium formate 
a Represented R,-values, relative mobility of the base to the cytosine 
[3H]methyl- 
ated base 
0.21 
0.29 
0.97 
Standards 
m4C m5C m6A 
0.37 0.21 0.55 
0.41 0.29 0.53 
0.82 0.97 - 
512 
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A. 
B. 5’ 
I 1 
Fig.3. Overlapping sequences recognized by RCfrl3 I 
and MCfrlO I (A) and by RCfr13 I and MHpa II (3). 
Recognition sequence of RCfr13 I boxed as (-- -). 
Recognition sequences of methylase MCfrlO I (A) or 
MHpa II (B) boxed as (-). 
A 8 
123 123 
Fig.4. Electrophoretic comparison of cfeavage patterns 
of RCfr13 I on unmodified and modified A DNA. (A) 
DNA modified with MCfrlO I; (B) DNA modified with 
MHpa II; (1) DNA; (2) unmodified DNA + RCfrl3 I; 
(3) modified DNA + RCfr13 I. 
when external cytosine of the recognition sequence 
is methylated by MHpa II (fig.4B). Due to over- 
lapping the external cytosine in the RCfr13 I 
recognition sequence should be methylated by dcm 
methylase of E. COli, which recognizes 
5 ’ -Cm’C(A/T)GG [ 161. From the data it can be 
concluded that this type of methylation should also 
interfere with substrate cleavage by RCfrl3 I. 
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